INTRODUCTION
Human infections due to Shiga-toxigenic Escherichia coli (STEC) O157:H7 strains range from mild diarrhea to bloody diarrhea or hemorrhagic colitis, which can develop into the potentially fatal hemolytic uremic syndrome or HUS (Karmali et al., 1983; Riley et al., 1983) . STEC is a significant dilemma in the realm of food-borne disease, exemplified in recent episodes of diarrheal disease in various regions of the world associated with consumption of contaminated food, water, milk, fruit juices, and leafy green vegetables such as alfalfa, sprouts, arugula, spinach, and lettuce (Michino et al., 1999; Sivapalasingam et al., 2004; Wendel et al., 2009 ). The precise mechanisms by which STEC is introduced into agricultural products are not fully understood. The bacteria live as commensal organisms in farm and several wild animals and may represent a major source of contamination of water and agricultural produce for human consumption (Solomon et al., 2002; Mootian et al., 2009) . For example, recent outbreaks of diarrheal illness associated to spinach consumption were linked to contamination with feces from STEC-harboring wild pigs (CDC, 2006; Jay et al., 2007) . Insects (e.g., filth flies) have been implicated as transmission vectors in plant infection by STEC (Talley et al., 2009 ).
Surface structures involved in plant stomata and leaf colonization by Shiga-toxigenic Escherichia coli O157:H7 of the phyllosphere microbial community both as epiphytes on leaf surfaces and endophytes within leaf tissues. While some authors suggest that E. coli O157:H7 could be absorbed from soil to internal plant tissues, others suggest entry through plant roots (Wachtel et al., 2002; Islam et al., 2004; Jablasone et al., 2005; Sharma et al., 2009 ). E. coli O157:H7 can be located and is able to survive in the substomatal cavity and the intercellular spaces of the spongy of leafy greens (Itoh et al., 1998; Solomon et al., 2002; Warriner et al., 2003; Franz et al., 2007) . The precise mechanisms of adherence of STEC to plant surfaces, the receptors recognized, and the types of physical interactions participating in this interplay are largely unknown.
Much is known about the mechanisms of interaction of STEC with human epithelial cells. STEC uses its T3SS to inject many effector proteins into intestinal cells that lead to remodeling of the cytoskeleton and consequently to the formation of intestinal attaching and effacing (AE) histopathological lesions. Most of the components required for AE are encoded in the genetic locus of enterocyte effacement (McDaniel and Kaper, 1997) . It is well established that the interaction of STEC with human epithelial cells is multi-factorial as it involves the participation of the intimin-Tir complex, secreted proteins, and flagella. Several pili types including, but not limited to, the long polar fimbriae, F9, hemorrhagic coli pilus (HCP), curli, the E. coli laminin-binding fimbriae (ELF), and the E. coli common pilus (ECP), were associated with adherence to human and animal epithelial cells in vitro (Torres et al., 2002; Kaper et al., 2004; Low et al., 2006; Erdem et al., 2007; Rendon et al., 2007; Xicohtencatl-Cortes et al., 2007; Saldana et al., 2009; Samadder et al., 2009) . It was reported that the EspA fiber, but not intimin, flagella or pili, was required for attachment of STEC to arugula leaves (Shaw et al., 2008) . Recently, we suggested that the T3SS of STEC O157:H7 aids in the colonization of lettuce and spinach .
The aim of this study was focused on expanding our knowledge on the interaction of STEC with baby spinach leaves and the role of newly described surface adherence factors in colonization. This effort revealed that STEC uses several surface structures to colonize the leaf surface and gain access to internal tissues and in this way, establish a niche in the plant where bacteria are protected from environmental foes and industrial decontamination. This strategy would ensure survival in the environment and allow transmission to animal reservoirs and to the human host.
MATERIALS AND METHODS

BACTERIAL STRAINS AND CULTURE CONDITIONS
Strains used here are described in Table 1 . Bacteria were routinely grown overnight at 37°C with aeration in Luria-Bertani (LB) broth or for induction of virulence factors in Dulbecco's modified Eagle's medium (DMEM) with 0.5% d-mannose (Invitrogen). Except for the intimin (eae), quorum sensing (qseB), and Tir (tir) mutants constructed here, all of the remaining mutants and complemented strains employed have been reported previously by our laboratories or other researchers.
CONSTRUCTION Of BACTERIAL MUTANTS
The tir, eae, and qseB genes in STEC O157:H7 strain EDL933 were deleted by the λ Red recombinase mutagenesis approach as described earlier (Datsenko and Wanner, 2000) . The primers employed for mutagenesis are described in Table 2 . The isogenic mutants were confirmed for the lost genotype by PCR. All mutant derivatives grew at the same rate as the wild-type strain under the conditions tested in this work.
SpINACH COLONIzATION ASSAyS
Fresh processed baby spinach leaves (cut into 1 cm-diameter pieces) were washed with sterile PBS and placed into 24-well plates containing DMEM with 0.5% d-mannose. The leaves were then infected with approximately 10 7 bacteria from an overnight culture grown in LB broth and incubated at 26°C for specific time periods (0-24 h) or as indicated in the text. The supernatant was then removed and the leaves were washed three times with sterile PBS to remove unbound bacteria. For quantitative assessment of bacterial adherence, spinach leaves infected with wild type or isogenic mutants were placed in 1.5 ml Eppendorf tubes containing glass beads in 1 ml of sterile PBS with 0.3% Triton X-100 and vortexed for 5 min. The supernatant was collected and 10-fold serial dilutions were plated out onto MacConkey-Sorbitol agar plates for determination of colony-forming units (CFUs) after overnight incubation . When required, the infected leaves where incubated for 2 h with gentamicin (200 μg/ml) to kill surface-exposed bacteria, and the bacteria inside the leaves tissues surviving this treatment, were counted as described above. All experiments were repeated at least three times in triplicate on different days and the results were expressed as percentage of adherence relative to that of the wild-type strain or as CFUs.
ELECTRON MICROSCOpy STUDIES
For transmission electron microscopy (TEM) infected and mockinfected leaves were washed as described above and fixed with fixative Trumps (Electron Microscopy Sciences). Fixed tissues were anti-rabbit IgG Alexa-conjugated antibodies (Molecular Probes). The specimens were visualized under UV light and phase contrast using an Axio Imager1.0 Zeiss microscope.
RESISTANCE TO OzONATED wATER AND CHLORINATED SOLUTIONS
To determine resistance to chlorine treatment, leaves of approximately the same size were placed in Petri dishes and were infected at 26°C for 9 h with approximately 10 7 bacteria from overnight cultures grown in DMEM. After the desired incubation period, the spinach leaves were subjected to 10 min-washes in 10-fold dilutions (0.1-10%) of sodium hypochlorite (chlorine), or 10-20 min exposure to ozonated water. Subsequent to this treatment, the spinach leaves were washed three times with sterile PBS, cut into 1 cmdiameter pieces, and placed in 1.5 ml Eppendorf tubes containing 1 ml of sterile PBS with 0.3% Triton X-100 and glass beads and processed as described above for bacterial counting (XicohtencatlCortes et al., 2009 ). Statistical analysis was done using Student's t-test. The significance level was 5% in all tests ( * P < 0.05). The GraphPad software was used.
RESULTS
ROLE Of fLAgELLA AND T3SS IN LEAf COLONIzATION
We sought to investigate the importance of these surface structures in leaf adherence and colonization. Kinetics studies of spinach infections performed between 0 and 8 h assisted by IFM using specific anti-H7 antibodies revealed the compelling presence of flagella on bacteria adhering to the leaf epidermis. Progressive and increasing amounts of flagella H7 were observed correlating with the increasing number of bacteria adhering with respect to time of incubation (Figure 1 ). SEM analysis of wild type versus a genetically modified flagella (non-motile) mutant supported these observations ( Figure 1G ). Comparative quantitative experiments showed that the flagella (fliC) and T3SS (escN) mutants adhered significantly less than the parental strain confirming a role of these appendages in spinach colonization (Figure 2A ). We processed with the aid of a PelcoBioWave laboratory microwave (Ted Pella). The samples were washed in 0.1 M sodium cacodylate pH 7.2, post fixed with 2% OsO 4 , water, washed, and dehydrated in a graded ethanol series 25, 50, 75, 95, 100% followed by 100% acetone. Dehydrated samples were infiltrated in graded acetone/ Spurs epoxy resin (30, 50, 70, 100%) , and cured at 60°C for 48 h. Cured resin blocks were trimmed, thin sectioned, and collected on Formvar copper slot grids, post-stained with 2% aq. Uranyl acetate and Reynolds' lead citrate. Sections were examined with a Hitachi H-7000 TEM (Hitachi High Technologies America) and digital images acquired with a Veleta 2k × 2k camera and iTEM software (Olympus Soft-Imaging Solutions Corp.). For scanning electron microscopy (SEM), infected and mock-infected leaves were fixed, dehydrated as mentioned above and critically point dried (Bal-Tec CPD030, Leica Microsystems). Samples were mounted on carbon adhesive tabs on aluminum specimen mount, Au/Pd sputter coated (DeskV, Denton Vacuum), and examined with highresolution field-emission scanning electron microscope (S-4000, Hitachi High Technologies America).
ANTISERA
Rabbit polyclonal antibodies raised against STEC antigens, H7 flagella, O157 LPS, ECP, and curli, were available from previous studies and their specificity has been previously described (Rendon et al., 2007; Saldana et al., 2009; Xicohtencatl-Cortes et al., 2009 ).
LIgHT AND IMMUNOfLUORESCENCE MICROSCOpy
Infected leaves were washed three times with sterile PBS to remove unbound bacteria and then fixed with 2% formalin/PBS for 20 min. Peels of the lower surfaces of the leaves (epidermis abaxial) were observed by light microscopy to visualize bacteria associated with or within stomata openings as previously described (Melotto et al., 2006) . For immunofluorescence microscopy (IFM), leaves fixed with 2% formalin, were incubated for 1 h with primary rabbit antibodies (listed above) followed by 1-h incubation with secondary strain (Figure 2A ) and this result correlates with the observation that the flagella (fliC) and T3SS (escN) mutants were significantly hampered (72 and 52% reduction, respectively) in spinach colonization.
STEC pILI TypES INvOLvED IN THE COLONIzATION Of BABy SpINACH LEAvES
The specific adherence molecular mechanisms that mediate phyllosphere colonization by STEC remain elusive. Hence, we investigated the role of recently described surface factors of STEC in adherence to spinach leaves. To this aim, isogenic strains carrying mutations in genes encoding for HCP, ECP, ELF, curli, and cellulose were tested for leaf adherence in comparative quantitative experiments. We found that the csgA and csgD (99% reduction), ecpA (83% reduction), and hcpA (49% reduction) mutants were significantly hampered in adherence to baby spinach leaves in comparison to sought to determine if the intimin-Tir complex was important for spinach colonization. This analysis showed that intimin (eae) and Tir (tir) mutants were not significantly abrogated in adherence suggesting that the intimin-Tir interaction is not crucial or necessary for leaf colonization, as it is for human cells. Since the EspP cytotoxin was suggested to play a role in bovine colonization and forms adhesive macrostructures (Dziva et al., 2007; Xicohtencatl-Cortes et al., 2010) , we included this mutant in our analysis. The espP mutant was not significantly affected in leaf colonization (Figure 2A ).
ROLE Of qUORUM SENSINg IN LEAf COLONIzATION
Quorum-sensing regulates many virulence-associated functions in bacteria such as flagellation, motility, and T3S (Sperandio et al., 2001) . We found that a quorum-sensing mutant (∆qseB) was reduced in adherence by 80% as compared to the wild-type
FiGuRE 2 | Comparative analysis of spinach colonization by STEC strains after 9 h of infection. (A) EDL933 and isogenic mutants in escN (T3SS), tir (intimin receptor), eae (intimin), espP (toxin/adhesin), fliC (flagellin), and qseB (quorum sensing gene). (B,C) EDL933 and isogenic mutants in pilin genes:
hcpA, ecpA, elfA, csgA, csgD (curli regulator), or bcsA (cellulose). All of the strains were used to infect spinach leaves as described in the text. Serial dilutions of homogenized samples were plated out onto MacConkey-Sorbitol plates for bacterial counting. These data represent the average of three experiments repeated on different days in triplicate. *P > 0.05 statistically significant with respect to the wild-type strain. 
LOCALIzATION Of STEC wITHIN LEAf TISSUES
Previous studies have shown STEC bacteria on leaf surfaces, on and around stomata, and between cellular spaces and xylem (Itoh et al., 1998; Solomon et al., 2002; Warriner et al., 2003; Franz et al., 2007) . We sought to further investigate the ability of STEC to reside within the stomata internal cavity and internal tissues. SEM analysis of spinach leaves incubated from 1 to 24 h with EDL933 revealed the presence of increasing number of bacteria on the stomata and within its internal cavity (Figures 4A-F) . Scores of bacteria tethered by filamentous appendages resembling flagella were noted ( Figure 4B ). Accompanying IFM experiments using anti-O157 LPS antibody showed compelling localization of STEC O157 bacteria on stomata and internalized within stomata cavities (Figures 4G-J) . Further, analysis of cross sections of infected leaves confirmed the parental strain EDL933 (Figures 2B,C) . Notably, when the csgA and csgD mutants were complemented with plasmids (pCsgA and pCP994 respectively) that over express curli (Saldana et al., 2009) , the resulting strains attached more than the wild-type strain to the spinach leaves ( Figure 2C) . The remaining ELF and cellulose mutants were not deficient in spinach colonization ( Figure 2C) . The presence of ECP and curli on the bacteria colonizing the leaf epidermis was demonstrated by IFM using specific antibodies against these pili structures (Figure 3) . Mutants in curli and ECP served as negative controls for production of these pili. In all, the IFM data compellingly indicate that flagella, ECP, and curli are present during the interaction of the colonizing bacteria with the spinach leaves and participate collectively in adherence and colonization. were included in the assay. Leaves infected with DH5α (pLEE) showed 3.2-fold-increase with respect to the DH5α strain (data not shown). Other workers have shown STEC and enteroaggregative E. coli adhering to the leaf epidermis, and on and around stomata but not beyond the substomal chamber (Berger et al., 2009 (Berger et al., , 2010 Xicohtencatl-Cortes et al., 2009 ). Based on previous observations and our own, we hypothesized that E. coli O157:H7 are able to provide for themselves with a safe, nutrient-rich niche in the womb of stomata, internal tissues, and intercellular spaces of the leaf, where they are able to replicate and survive, protected from environmental foes.
the presence of STEC bacteria within stomata internal cavities, intercellular spaces of the spongy mesophyll, and notably in the vascular tissue (xylem and phloem; Figure 5 ). Based on these observations, we hypothesized a role for T3SS in leaf internalization. Thus, we then compared the ability of EDL933 versus the escN mutant to penetrate the leaf surface using the gentamicin protection assay. We found that EDL933 survived at a rate of 8.3% after gentamicin treatment, while the escN mutant showed 6.1% survival (data not shown). A more clear involvement of T3SS was seen when E. coli K-12 DH5α and DH5α carrying the LEE region, which encodes the T3SS on a plasmid (pLEE), of STEC, known to be important for human and animal intestinal epithelial cell infection, are also engaged in colonization and survival of these bacteria in baby Spinacia oleracea leaves. Several lines of evidence, obtained through different experimental approaches support the notion of the participation of flagella in baby spinach leaf colonization. We demonstrated in time-course experiments assisted by high-resolution SEM and IFM that the bacteria multiply and colonize the leaf surface and that flagella are produced progressively. In support of these observations, we found that an EDL933 fliC (flagella) isogenic mutant exhibited significant decreased attachment to spinach leaves. In line with our data, Carey et al. (2009) found that fliC was up-regulated during storage of Romaine lettuce at 15°C. It is apparent the flagella display other functions than motility.
A unifying theme in animal and plant bacterial pathogens is the production of specialized secretion mechanisms for direct delivery of effector proteins into host cells to inflict damage. Plant pathogens such as Pseudomonas and Agrobacterium employ flagella, pili, T3SS or T4SS to infect and cause phytopathology, although the nature of their receptors remains unknown (Korhonen et al., 1986; Rahme et al., 1995; McCullen and Binns, 2006) . Flagellation and T3S of STEC are regulated by a double component (qseBC) quorumsensing system (Sperandio et al., 2001) . We found that STEC escN (T3SS-ATPase) and qseB mutants were significantly impaired in leaf
LEAf INTERNALIzATION pROvIDES pROTECTION AgAINST BACTERICIDAL AgENTS
Is stomata colonization a "hide-n-sick" mechanism by which STEC evades industrial decontamination of agricultural products for human consumption? In an attempt to address this important question we subjected experimentally STEC-tainted spinach leaves to decontamination treatments with 0.1-10% of hypochlorite solutions and also to exposure to ozonated water. First, we showed that 10% sodium hypochlorite (equivalent to 6,500 ppm) and 125 ppm of ozonated water killed 100 and 99.9% of the bacteria, respectively (Figures 6B,D) . Second, we subjected STEC-infected leaves to the same treatments after which bacteria were still recovered (Figures 6A,C) . Although these anti-bacterial agents reduced the bacterial population on the leaves by ∼50% as compared to the mock control, it is clear that a striking number of bacteria residing in the stomata resisted and survived these bactericidal treatments. A reasonable explanation for these results is that internalization of bacteria into stomata and internal compartments of the leaf protected bacteria from bactericidal agents such as antibiotics (e.g., gentamicin), chlorine or ozone.
DISCUSSION
The present study was initiated to address important questions concerning the interaction of STEC with spinach leaves. Specifically, we wanted to identify which of the adhesive factors within spinach leaves upon treatment with sodium hypochlorite solutions and ozonated water showed that live bacteria could be recovered suggesting that the internal spaces of spinach leaves protect bacteria against these bactericidal agents. We showed that the T3SS is involved in internalization and survival of STEC in spinach leaves. Transformation of a non-pathogenic E. coli with pLEE (T3SS+) rendered the bacteria capable of adhering to the epidermis, internalizing into leaf tissue allowing themselves to survive the bactericidal treatments. It is possible that STEC possess mechanisms that direct them toward stomata (e.g., through chemotaxis, motility, quorum sensing) and induce guard cells to open these gateways. The low-infectious dose of STEC (10-50 organisms) and its ability to colonize the stoma and internal leaf compartments provide logical explanations by which the bacteria survive man-driven decontamination treatments and are able to cause outbreaks of STEC infections associated with consumption of tainted-agricultural products. Thus, infected leafy greens may represent potential vehicles of infection and transmission to humans. In conclusion, our research shows that STEC, a human pathogen, which uses several pili types, flagella and the T3SS to colonize human intestinal tissue, can also employ these mechanisms to gain access to plant leaf surface, internal tissues and intercellular spaces where the bacteria survive in a protected microenvironment before causing disease.
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We sought to investigate if pili and cellulose were required for leaf colonization. Comparative adherence studies employing isogenic pili mutants revealed that curli, ECP, and HCP were required for spinach leaf adherence while ELF and cellulose were apparently not. It is well established that pili, in particular curli, are highly hydrophobic appendages that neutralize negative charges on host cells facilitating adherence (Collinson et al., 1991) . Recently, it was shown that the level of adherence of E. coli O157:H7 strains to cabbage and iceberg lettuce surfaces correlated with the amount of curli produced and their hydrophobicity (Patel et al., 2011) . The demonstration that several redundant adhesive factors are required for spinach leaf colonization provides an immediate conceptual framework to explain the multiple molecular mechanisms of plant infection by a human pathogen. Future studies will be needed to elucidate the nature of the plant receptors involved in the recognition of STEC fimbrial adhesins.
Plant pathogens are able to breach into internal tissues using wounds and natural openings of the phyllosphere (Hirano and Upper, 2000; Melotto et al., 2006) , but the molecular mechanisms employed to penetrate through stomata, as a natural gateway for passage into internal tissues and cause phytopathology are unknown. Compelling data from ultrastructural, genetic, and functional studies described here clearly showed the presence of STEC O157 within stomata and electron microscopy analysis of leaf cross sections revealed the presence of aggregates of bacteria in internal compartments of the leaf such stomata chambers, intercellular spaces, xylem (specifically in vessel elements), and phloem. Experiments designed to evaluate the ability of STEC to survive
